Bright-field microscope setup with a CCD camera system 8, 15 A bright-field microscope-CCD camera system was set up to examine the capillary tubes ( Supporting Information, Fig. S1 ). Ionic liquid aqueous two-phase systems were delivered into a capillary tube to achieve tube radial distribution flow (TRDF) or annular flow in a microspace. The phase diagram, viscosity of the phases, and TRDF image of the 1-butyl-3-methylimidazolium chloride and NaOH system were examined. The TRDF was formed with inner ionic liquid-rich and outer ionic liquid-poor phases in the capillary tube. The phase configuration was explained using the viscous dissipation principle. We also examined the distribution of rhodamine B in a three-branched microchannel on a microchip with ionic liquid aqueous two-phase systems for the first time.
Introduction
Two-phase separation mixed solutions, such as ionic liquid aqueous two-phase systems, separate into upper and lower phases through phase transformation in response to temperature change in a batch vessel. [1] [2] [3] [4] [5] On the other hand, when the same system is delivered into the microspace of a capillary tube or microchannel in a microchip under laminar flow conditions, a kinetic liquid-liquid interface is generated through phase transformation, leading to multi-phase flow. [6] [7] [8] [9] This specific type of microfluidic flow is called "phase separation multiphase flow", which is different from the conventional multiphase flow (known as "immiscible multi-phase flow") that occurs in mixed solutions composed of water and hydrophobic organic solvents. Phase separation multi-phase flow is observed with various two-phase separation mixed solvent systems, such as hydrophilic/hydrophobic organic ternary mixed solvents, aqueous surfactant mixed solutions, fluorocarbon/hydrocarbon organic mixed solvents, and aqueous ionic liquid mixed solutions (ionic liquid aqueous two-phase systems). 7, 8 Phase separation multi-phase flow occurs in many forms, such as droplets, slugs, parallel, and annular flow. Annular flow with inner and outer phases is observed under certain conditions, which is known as the "tube radial distribution phenomenon" (TRDP); the flow is termed as "tube radial distribution flow" (TRDF). [6] [7] [8] [9] Since the last century, phase separation or phase transformation in ionic liquid aqueous two-phase systems has been well known in the fields of analytical chemistry and separation science. 1, [10] [11] [12] [13] Ionic liquid aqueous systems separate into two distinct phases, namely an ionic liquid-rich phase and ionic liquid-poor phase, when cooled below a certain temperature. 13 In our previous study, 8, 14 the TRDP and TRDF behavior of ionic liquid aqueous two-phase systems (e.g., water-1-butyl-3-methylimidazolium chloride ([C4mim]Cl)-KOH, water-[C4mim]Cl-K2HPO4, and water-1-ethyl-3-methylimidazolium methylphosphonate ([C2mim]MP)-K2HPO4) showing phase separation characteristics were examined by feeding into a capillary tube. However, there has been no information on the distribution behavior of a solute in the TRDF with ionic liquid aqueous two-phase systems. In this study we tried to examine the distribution of a solute in a microchannel on a microchip with ionic liquid aqueous two-phase systems for the first time.
A mixed solution containing rhodamine B was delivered into the capillary tube at a specific flow rate using a microsyringe pump, and was imaged using a bright-field microscope and CCD camera. 16, 17 Figure 1 shows an enlarged view of a microchip containing triple-branched microchannels. A single wide channel (300 μm wide × 40 μm deep), denoted as channel W, was separated into three narrow channels (100 μm wide × 40 μm deep each), which were designated as channels N1 -N3. The microchip was set up to a microchip holder (Supporting Information, Fig. S2 ) for observation by a bright-field microscope with a CCD camera.
Microchip device

Results and Discussion
Fundamental experiments for TRDF
In our previous study, we examined the phase diagrams, viscosities, and TRDF images for three types of ionic liquid/water mixed solutions, namely water-[C4mim]Cl-KOH, water-[C4mim]Cl-K2HPO4, and water-[C2mim]MP-K2HPO4 systems. 8, 14 In the present study, the phase diagram, viscosity, and TRDF image of the water-[C4mim]Cl-NaOH system was additionally examined. Figure 2 shows the phase diagram for this system, including solubility curves at 15 and 20 C. Transformation from the homogeneous to heterogeneous phases occurred upon changing the temperature from a high to low value. The volume ratios of the upper (ionic liquid-rich) and lower (ionic liquid-poor or aqueous) phases in a batch vessel are also presented in Fig. 2 . The NaOH system was checked and considered regarding the following things, compared to the KOH system: 1) the appearance of salt precipitation in a batch vessel, as the KOH system showed precipitation at high concentrations of ionic liquid, 14 and 2) the effect of the difference in the hydration behavior between hydrophobic ion (K + ) and hydrophilic ion (Na + ) on the phase diagrams. As a result, we could not observe salt precipitation in the experimental area for the NaOH system, and there was little difference in the solubility curve position on the phase diagrams between the systems.
The viscosities of the upper and lower solutions in the batch vessel were next examined at a room temperature (ca. 20 C). The average viscosities of the upper phase (ionic liquid-rich solution) and the lower phase (ionic liquid-poor solution) at five different compositions were 5.1 and 4.2 mPa·s, respectively (Supporting Information Fig. S3 ). The upper phase exhibited a higher viscosity compared to the lower phase, with a difference of about 1 mPa·s between the averages of the five compositions. Figure 3 shows TRDF images observed with a bright field microscope-CCD camera at a liquid flow rate of 1.0 μL min -1 . Regardless of the composition, the ionic liquid-rich solution flowed as the inner phase, whereas the ionic liquid-poor solution (aqueous solution) flowed as the outer phase. The TRDF for the solution with composition No. 5 seemed to be unstable; that is, the liquid-liquid interface tended not to stay at the same position, perhaps because of the construction with an inner phase having a rather small volume. The inner and outer phases were formed at various flow rates in the 1.0 -20 μL min -1 range.
In our previous paper, we discussed the configuration of the inner and outer phases in the TRDF from the viewpoint of the viscous dissipation principle and linear stability analysis. 8 When there is a viscosity difference of over 0.7 mPa·s between the two phases, the phase with the highter viscosity forms the inner phase and the phase with the lower viscosity forms the outer phase, like water-[C4mim]Cl-KOH and water-[C2mim]MP-K2HPO4. 8, 14 The configuration pattern was confirmed based on the viscous dissipation principle. On the other hand, when there was a viscosity difference of less than 0.7 mPa·s between the two phases, the larger volume phase formed an inner phase; that is, the phase configuration depended on the volume ratios, like water-[C4mim]Cl-K2HPO4. The configuration pattern was explained based on the results of the linear stability analysis. 8, 18 The configuration of the inner and outer phase in the water-
[C4mim]Cl-NaOH system, which of the viscosity difference was over 0.7 mPa·s, was consistent with the experimental rule mentioned above, and followed the viscous dissipation principle. We must continue examining the availability of the rule hereafter through one-by-one experiments.
Distribution of rhodamine B based on TRDF in triple-branched microchannels
The ionic liquid research field is one of the most interesting and attractive.
1,10-13 Also, many new types of ionic liquid are now being synthesized and reported, and their applications are widely investigated. The microfluidic behavior of the TRDF with the ionic liquid/water mixed solution was for the first time examined in microchannels in microchips, although the crosssections of the channels were not of round shape, as described in the experimental section. The ionic liquid/water mixed solution (water-[C4mim]Cl-NaOH; [C4mim]Cl 20 wt% and NaOH 13 wt%; the volume ration of upper and lower phases, 3:7 as shown in Fig. 2 ) containing 2 mM rhodamine B was fed into the microchannel of channel W on the microchip at a flow rate of 1.0 -20 μL min -1 . Typical TRDF images in the triplebranched microchannels are shown in Fig. 4 . The rhodamine B molecule (red) is distributed near the center of channel W away from the inner walls of the channel. The rhodamine B molecule mostly appears to flow through the center channel (channel N2), whereas it is only slightly distributed in channels N1 and N3. Further, a stable distribution of rhodamine B in the center N2 channel was observed at higher flow rates of 10 and 20 μL min -1 , similarly to those described in the previous paper. 16 Next, a homogenous ionic liquid/water mixed solution (water-[C4mim]Cl-NaOH; [C4mim]Cl 20 wt% and NaOH 13 wt%) containing 2 mM rhodamine B was fed into channel W at a flow rate of 20 μL min -1 . The solutions (100 μL) in channels N1 -N3 were collected through PTFE tubes into the corresponding vessels and subjected to absorption spectroscopy at 517 nm. The concentration of rhodamine B in the center channel (channel N2) and two side channels (channels N1 and N3) were 0.38 ± 0.03, 2.60 ± 0.06, and 0.40 ± 0.03 mM (they were average for five measurements), respectively. In other words, rhodamine B was distributed in the ionic liquid-rich phase in the central narrow channel rather than in the aqueous phases in the side narrow channels. The distribution pattern of the rhodamine B fluorescent dye in the triple-branched microchannels suggests that the TRDF in the channels could possibly be utilized for the extraction or separation of certain solutes.
Conclusions
We have examined the phase diagram, viscosity of the phases, and TRDF images for water-[C4mim]Cl)-NaOH mixed solutions. TRDF was observed with an inner ionic liquid-rich phase and outer ionic-liquid poor phase in the capillary tube. In addition, the distribution behavior of rhodamine B in a three-branched microchannel with TRDF using a water-[C4mim]Cl-NaOH mixed solution was also examined. Although the results obtained are still fragmented, they constitute useful information for understanding TRDF and its application to various ionic liquid aqueous mixed solutions.
